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Near-UV Narrow Bandwidth Optical Gain in Lattice-Matched III-Nitride Waveguides

Joachim Ciers,' * Gwénolé Jacopin,!' T Gordon Callsen,! Catherine
Bougerol,2 Jean-Francois Carlin,! Raphaél Butté,! and Nicolas Grandjean’
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Grenoble Alpes, CNRS, Institut Néel, 38000 Grenoble, France

We demonstrate optically-pumped waveguides grown on freestanding GalN substrate featuring
AlInN claddings and GaN/Aly.1Gao.9N multiple quantum wells exhibiting narrow bandwidth (3.8
nm) optical gain around 370 nm. Due to the high refractive index contrast between the cladding
layers and the active region, the confinement factor is as high as 48% and net modal gain values in

excess of 80 cm ™!

are measured. The results agree well with self-consistent calculations accounting

for built-in electric field effects and high carrier density related phenomena. These results open
interesting perspectives for the realization of more efficient near-UV lasers and optical amplifiers.

Over the past two decades, visible emitting III-nitride
(ITI-N) light-emitting diodes (LEDs) and laser diodes
(LDs) emerged as essential optoelectronic devices, which
led to the solid-state lighting revolution. This was made
possible thanks to their compact and power-efficient
nature compared to what offered previous technolo-
gies. However, III-N-based UV light sources exhibit
decreasing device performance with decreasing emission
wavelength.!? Although III-N LEDs have been demon-
strated with emission wavelengths down to 210 nm,? the
shortest emission wavelength reported to date for conven-
tional edge emitting LDs is 336 nm and in this case, it is
limited to pulsed mode operation.* Shorter wavelength
operation requires either optical pumping® or electron
beam pumping.® Beyond reduced p-type conductivity
that results from the increasing activation energy of the
Mg-acceptor with increasing band gap, residual absorp-
tion occurring in the (Al)GaN cladding layers is an im-
portant source of losses and the limited refractive index
contrast between the waveguide (WG) and the cladding
materials is detrimental to the optical confinement factor
(T"). A potential pathway to decrease the lasing threshold
relies on the use of AlInN cladding layers. Indeed, the
latter offer a high refractive index contrast with the Al-
GaN alloy over a wide range of Al contents”® leading to
efficient vertical confinement for the optical mode, while
being grown lattice-matched (LM) to GaN, resulting in
very good material quality.® 2 Furthermore, p-type dop-
ing of AlInN has been demonstrated'® and high-quality
AlInN layers have been successfully used for optical mode
confinement in visible ITI-N edge-emitting LDs.!*

Let us also notice that coherent light emitters oper-
ating in the spectral region ranging from 350 to 370
nm have been scarcely addressed compared to their
longer and shorter wavelength counterparts based on
InGaN/GaN and (Al)GaN/AlGaN MQWs, respectively,
despite their potential applications in phototherapy, gas
sensing, or UV fluorescence.!®

In this work, we investigate the properties including
optical gain from III-N WGs consisting of AlInN cladding
layers and GaN/AlGaN MQWs operating near 370 nm
at room temperature (RT). They feature a narrow gain
band with a full-width at half maximum (FWHM) of ~20

meV, hence corresponding to limited gain dilution for
this material family. The LM claddings lead to structural
defect-free structures of high optical quality and high T’
value of 48%. We demonstrate optical gain values in
excess of 80 cm ™', a value which is essentially limited by
the absorption of the pump laser used in our experiments.

The sample structure is sketched in Fig.  1(a)
and comnsists of a 170-nm-thick active region with 14
GaN/Alp.1Gag oN (6.2 nm/4.8 nm) QWs sandwiched be-
tween bottom and top Alg.goIng 18N claddings, which are
LM to GaN. The bottom cladding layer contains seven
5-nm-thick GaN interlayers positioned 50 nm apart in
order to avoid kinetic roughening of the AlInN alloy.'!

The WG dimensions were chosen to support a single
transverse electric (TE) polarized mode to avoid gain
competition. This was confirmed by finite-difference
time-domain (FDTD) calculations!® where the refrac-
tive index for (Al)GaN layers and that of Al gaIng 15N
cladding layers were taken from the work of Brunner et
al.'” and Butté et al.,” respectively. The fundamental TE
WG mode determined from these calculations is shown
in Fig. 1(c). The large refractive index contrast between
the MQWs and the AlInN cladding layers of ~12% at
370 nm results in a small effective length L.fy = 99 nm
of this mode.'® This, together with the large number of
QWs, leads to a high T" of 48.2%, which is essential to
ensure both high modal gain and low lasing threshold.
Note, however, that such a high number of QWs cannot
be efficiently pumped using an electrical injection scheme
mainly due to the limited hole mobility. A similar WG
with only 3 QWs near the peak of the modal field would
have a T' value of 17% and would be better suited for
electrical injection.

First, we calculated the band diagram of the sample
in the one-electron picture as shown in Fig. 2(a).!® The
Fermi energy was pinned to the mid-gap at the sample
surface?? and the electric field in the QWs was set to
~300 kV/cm, a value expected from the polarization mis-
match between the multilayer constituents that accounts
for the geometric effect.2! The residual doping level is
difficult to assess for this sample due to the presence of a
two-dimensional electron gas (2DEG) at the interface be-
tween the MQW region and the top cladding layer. We
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FIG. 1. (a) Sketch of the sample structure and (b) scanning TEM image of the MQWs taken with a high-angle annular dark-
field detector in the [10-10] zone-axis orientation. Inset: High-resolution TEM image of the QWs showing sharp interfaces. (c)
Optical mode profile of the TEo mode supported by the present WG calculated with a commercial FDTD solver.!® Position is
determined with respect to the GaN buffer/AlInN bottom cladding layer interface.

know however that the typical residual n-type doping
levels amount to 5 x 10'® ¢cm™3 in similar AlInN layers®
and ~ 1 x 10'6 cm™3 in GaN/AlGaN QWs.?2

In order to ensure a better consistency between calcula-
tions and experimental results, we also included excitonic
effects by means of a Schrodinger-Poisson-k - p (S-P-k - p)
solver previously used to account for the Mott transition
in single GaN/AlGaN QWs.?® As will be shown here-
after, due to the quantum confined Stark effect (QCSE)
and the large QW width, the A exciton (X4) energy in
the MQWs is lower than that of bulk GaN.?*

The calculated low temperature (LT) QW exciton en-
ergies were first compared to cathodoluminescence (CL)
measurements recorded along the cross-section of the
sample (Fig. 2(b)). We observe an increase in the cal-
culated exciton energy from QW1 to QW13 due to a de-
creasing built-in electric field, which is well-matched by
the experiment. The gradual decrease in the electric field
results from the band bending caused by ionized donors
in the MQWs, which stem from the transfer of electrons
into the 2DEG potential at the AlGaN/AlInN top inter-
face. Note however that the top QW (QW14) deviates
from this trend and has a lower emission energy and a
higher built-in field due to its location near the 2DEG.

To be more quantitative, we investigated the opti-
cal properties of the sample by conducting photolumi-
nescence (PL) and polychromatic PL excitation (PLE)
experiments at LT. A representative PLE spectrum ob-
tained for an excitation power density of 60 kW /cm? is
shown in Fig. 3. We verified that despite the high ex-
citation power density it did not induce any shift in the
exciton energy. In fact, the MQW region remains in the
low carrier density regime due to the limited absorption
occurring in the QWs for near-resonant excitation below
the AlGaN barrier band edge. We observe resonances
coming from the three free excitons, which match pretty
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FIG. 2. (a) Band diagram of the whole structure. (b) LT
(T = 11 K) CL cross-section mapping of the QW emission
(logarithmic color scale) recorded with an acceleration voltage
of 2 kV along with the X4 energy of the different QWs as
deduced from the combination of the one-electron picture and
excitonic effects obtained from a S-P-k - p solver (black dots).
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FIG. 3. LT (T = 4 K) PLE spectrum (black line) and cor-
responding PL spectrum (red line) recorded at an excitation
wavelength of 355 nm showing a Stokes shift of 2.5 meV.

well the energies deduced from the S-P-k - p formalism,
as well as weak absorption features ascribed to the n =
2 state from the A and B exciton hydrogen series.?’ The
measured PLE FWHM of 11 meV for the X4 transi-
tion corresponds well with the calculated energy spread
of QW1 to QW13 shown in Fig. 2(b). The PL spectrum
obtained at the excitation wavelength of 355 nm is also
shown in Fig. 3. A PL linewidth of 5 meV is measured for
the X4 QW peak while a Stokes shift (SS) of 2.5 meV is
obtained with respect to the PLE peak. These low values
compared with those expected from PLE measurements
are a consequence of the gradient in the MQW energies
discussed above. Indeed, since the top QWs are transpar-
ent for the resonant energy of the bottom ones, the entire
stack of QWs is probed using PLE. On the contrary, for
PL measurements the laser excitation is mostly absorbed
in the top QWs and hence emission is dominated by high-
energy QWs. This reduces the measured SS and the PL
linewidth. This effect is further enhanced for PL exper-
iments where excitation above the barrier band edge is
used. Due to the shorter absorption length, PL emission
is dominated by fewer QWs. In this case the SS between
PLE and PL peaks is reduced to 1 meV. For the same rea-
son, we observe a localization energy of ~1 meV in PL for
temperature series when using non-resonant excitation
into the AlGaN barriers. Let us note that the inhomoge-
neous broadening (V;npn) of 5 meV deduced from LT PL
measurements is likely inherited from the exciton binding
energy Ep of 19 meV stemming from the small electron-
hole wavefunction overlap of ~0.2. This Fp value trans-
lates into a large exciton Bohr radius ag = 5 nm for ITI-N
quantum heterostructures. As a consequence, the exci-
ton wavefunction is spread over a larger volume than for
its narrow GaN/AlGaN MQW counterparts, which re-
duces its sensitivity to well width fluctuations and alloy
disorder.

The net modal gain (gmeq) was then measured at RT

by means of the variable stripe length (VSL) method
using a Q-switched frequency-tripled Nd:YAG 355 nm
pump laser of large enough fluence (Fig. 4(a)). Since
this laser operates below the barrier band edge, light is
only absorbed by the QWs, which ensures nearly homo-
geneous carrier distribution over the different QWs. The
Imod Spectra were then fitted using a self-consistent ap-
proach accounting for the A and B hole subbands, pro-
gressive screening of the built-in field, saturation of the
MQW absorption and band gap renormalization with in-
creasing carrier density.?? It allowed extracting the aver-
age carrier density per QW, Nyug, and the average low
carrier density transition energy, Ey, which are shown in
Fig. 4(b). First, we emphasize that the modal gain is
originating from an electron-hole plasma, i.e., a regime
that does not involve any excitonic effects, a feature con-
sistent with prior studies.?? Given the specificity of the
structure, which is composed of QWs emitting at slightly
different energies and subjected to different carrier den-
sities, quantitative modeling of the modal gain seems
rather challenging. However, the high structural and op-
tical quality of the sample allows for a precise determi-
nation of its properties in the low-density regime, hence
minimizing the number of unknown parameters. Note,
however, that for the sake of simplicity, we did not in-
clude any LO-phonon contribution to the modeling of the
gain spectra.?S This latter aspect could therefore account
for the discrepancies between simulations and experimen-
tal data, especially for low pumping fluences. A conse-
quence of this simplification is the use of an increased
value by a factor of ~2 of v;,, to obtain good fits, i.e.,
a value of 20 meV compared to 11 meV as determined
through PLE experiments.

Experimentally, we observe a fast increase in g,,,q for
pump power densities ranging from 250 to 330 kW /cm?.
This is ascribed to the large number of QWs and the high
I" value, which allow to reach the transparency regime
with a high efficiency under near-resonant excitation.
When the pump power density is further increased, the
peak modal gain value and the average carrier density
exhibit a saturation-like behavior with a peak ¢,,,q4 value
of ~80 cm~!. This is likely originating from the lim-
ited pump absorption by the QWs due to efficient band
filling. From the absorption saturation term included
in the model, we deduce a saturation photon density of
2.7 x 10™ photons/cm? = 300 kW /cm? with the 355 nm
pump laser. Additionally, a residual WG absorption loss
of 25 + 5 cm ™1 is deduced from g,,0q spectra (Fig. 4(a)).

We also observe a redshift of the gain band with in-
creasing pump power. This is opposite to the commonly
observed blueshift in such experiments.?227 This spectral
shift can be accounted for by considering two of the phe-
nomena at play, namely band filling and the shift of the
transition energy Fy,. with increasing carrier density V.
The latter is indeed given by:

Ey(N) = Ey + AEgcse(N) — AEpgr(N), (1)
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FIG. 4. (a) Net modal gain (continuous lines) measured at
RT for c-plane GaN/AlGaN MQWs embedded in a WG using
the VSL method. Fits relying on a Schrédinger-Poisson-k - p
formalism (dashed lines) show a good quantitative agreement
with experiments. (b) Parameters extracted from the mod-
eling: low carrier density transition energy (black dots) and
average carrier density (red dots).

where FEj is the transition energy measured at low
carrier density, AEgcsg(N) is the energy shift due to
progressive screening of the built-in field with increasing
carrier density and AEpggr(N) is the energy shift due to
band gap renormalization.

Let us briefly discuss the weight of the different contri-
butions. Band filling will cause a blueshift of the emis-
sion with increasing carrier density, which is mainly de-
pendent on the ~;,; value of the MQWSs. Indeed, sys-
tems characterized with a large 7;,p, such as InGaN/GaN
QWs emitting in the visible?? or AlGaN/AlGaN QWs
emitting in the deep UV?7 will experience a much larger
blueshift than a system with low inhomogeneity such as
the present MQW structure. Band filling is well ac-
counted for by the model used here.?? QWs subjected to a
built-in field will experience the usual blueshift observed
with increasing carrier density that can be determined
using a self-consistent S-P solver.?? Band gap renormal-
ization arises from interparticle interactions and was ac-
counted for by the relationship introduced by Schmitt-
Rink and co-workers.2®

FEy was kept as a fitting parameter in the model whose
value as a function of power density is shown in Fig. 4(b).
We notice a redshift of ~14 meV of magnitude compara-

4

ble to the MQW energy spread shown in Fig. 2(b). This
indicates that the lower-energy QWs have an increasing
relative weight in the g,,,0q spectra with increasing pump
power. Indeed, due to the larger saturation experienced
by the blue emitting top QWs, the red emitting bottom
ones will be more efficiently populated at higher pump
power, hence explaining the overall redshift of the gain
band. Nonetheless, it is worth mentioning that this mod-
erate shift of the gain band could prove useful for the re-
alization of devices where the output power needs to be
varied with minimal changes in the output wavelength
such as semiconductor optical amplifiers (SOAs).

In addition, the emission wavelength of this type of
structures could be easily tuned toward the 350 nm spec-
tral range by decreasing the QW thickness, without any
loss in material quality.'? We would also expect reduced
transparency and lasing thresholds in samples with thin-
ner QWs due to the smaller weight of the QCSE and
hence the larger overlap between electron and hole wave-
functions.

In conclusion, we have reported on high-quality LM
WGs with AlInN claddings and a GaN/AlGaN MQW
active region grown on F'S GaN substrate. Thanks to the
large refractive index contrast between the core and the
cladding layers, a T" value as large as 48% is achieved. It
is shown that the complex interplay between the sponta-
neous polarization mismatch between the claddings and
the MQW region together with the residual doping in the
active region leads to a gradient in the built-in field and
hence a change in the transition energy of the different
QWs. This gradient appears to be the main source of in-
homogeneous broadening in this sample. The measured
Imod 18 successfully reproduced using a a S-P-k-p formal-
ism and gmoq values in excess of 80 cm™! are reported
whose value is limited by absorption of the near-resonant
pump laser. Due to the small disorder in the sample, the
gain band is as narrow as 20 meV. It exhibits a small red-
shift with increasing pump power, which is a consequence
of the QW energy gradient.

As such, these defect-free structures are promising for
the realization of low-threshold LDs and SOAs operat-
ing in the 350-370 nm wavelength range, which could be
extended to even shorter wavelengths. Future work will
focus on the compensation of the electric field gradient
over the different QWs, the practical realization of SOAs
including electrical carrier injection issues.

See the online supplementary data at link to be given
by the editors for details on: (i) high-resolution X-ray
diffraction measurements, (ii) growth and experimental
methods, (iii) photon absorption above and below the
AlGaN band edge, (iv) further PL data, (v) gain calcu-
lations and additional related results.
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